u," Recent advances in magnetic resonance (MR) imaging and MR spectroscopy (MRS) allow the noninvasive in vivo study of a variety of anatomical, physiological, and biochemical alterations that may occur in different cerebral pathologies. The authors have investigated the use of MR imaging and MRS to monitor the evolution of experimental focal cerebral ischemia in rats. Permanent focal cerebral ischemia was induced in 36 rats, and 12 normal rats were used as a control group. Changes in high-energy phosphate metabolites were followed in vivo using MRS during the 1 st hour and at 3 and 6 hours after ischemic insult. Changes in in vivo MR images were evaluated at 1, 3, 6, t2, and 24 hours after ischemic insult. Significant decreases (p < 0.05) in phosphocreatine/inorganic phosphate ratios and intracellular pH values occurred immediately after the induction of ischemia. The presence of an infarcted area seen on MR images was a constant finding at 3 hours after ischemic insult, and was well defined and localized at 12 and 24 hours. The location of areas of infarction seen on MR images correlated well with areas identified histopathologically. The Tl and T2 MR relaxation times were significantly increased 3 hours after ischemic insult and remained prolonged for at least 24 hours. The results show that MR imaging is a sensitive method to measure cerebral infarction, and that MRS is a sensitive measure of changes that occur in the early phases of ischemia, perhaps when cellular changes may still be reversible. At 3 and 6 hours after the ischemic insult, however, 3'p-MRS spectra may appear to be "normal" despite the presence of well-documented areas of infarction. KEY WORDS 9 magnetic resonance imaging -magnetic resonance spectroscopy 9 cerebral ischemia 9 rat S TROKE is the most common neurological disease among adults, 42 and, with a mortality rate of 64/ 100,000 per year in 1985, 33 cerebrovascular disease is one of the eight major causes of death in the United States. If cerebral ischemia could be detected earlier and if the underlying pathophysiological processes could be defined better, it might be possible to design and test therapeutic interventions that could reduce the incidence of mortality and morbidity after stroke.
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Magnetic resonance (MR) imaging and MR spectroscopy (MRS) are noninvasive techniques that provide fine anatomical detail, can detect changes in the chemical composition of brain and spinal cord in vivo, and offer no recognized biological hazard? 4 Magnetic resonance imaging exhibits greater sensitivity than more traditional methods for the detection of focal cerebral ischemia. 2,8:~ How early and how accurately MR imaging can be used to visualize focal cerebral ischemia, however, is still under investigation. Recent advances in MRS allow the study of high-energy phosphate metabolites in normal tissues. 16'17'2~176 Moreover, phosphorus-31 (3,p) .MRS provides the most direct estimate of intracellular pn 1'25'34 and can measure temporary changes in brain phosphate metabolites with great sensitivity. 24,27,31, 37 The possible use of alp-MRS for the evaluation of permanent changes in metabolites has not been fully defined.
We reported recently that MRS is a useful modality for the early assessment of focal cerebral ischemiafl 2 The scope of the original study has been extended to include the evolution of permanent cerebral ischemia over a 24-hour period. Changes in high-energy phosphate metabolism were measured using MRS, and the extent of infarction was measured both with MR imaging and histopathologically in vivo in 36 SpragueDawley rats after occlusion of the middle cerebral artery (MCA). In a pilot study, no changes were found by MRS in ischemic rats 2 hours after occlusion of the MCA; therefore, in this study the acute phase of is-chemia was evaluated by inducing ischemia with the rat held within the magnet of the MR spectrometer.
Materials and Methods

Surgical Procedure
The experimental procedure followed National Institutes of Health guidelines and was approved by the Animal Experimentation Committee of the University of California at San Francisco. Sprague-Dawley rats (36 in the study group and 12 controls) were anesthetized with an intraperitoneal injection of chloral hydrate (4% in saline, approximately equivalent to 35 mg/100 gm body weight). Approximately 3 cc chloral hydrate was used for induction, and anesthesia was maintained by injection of 0.5 cc every 20 minutes after the beginning of the MR experiments. Polyethylene catheters (PE-50) were introduced into the left femoral artery to monitor arterial blood pressure and gases and into the peritoneal cavity to administer chloral hydrate.
The left temporoparietal region was shaved and prepared with a povidone-iodine mixture. A 2-cm curved vertical incision was made midway between the left lateral canthus and the external auditory canal. The temporalis muscle was elevated from the skull, and the infratemporal fossa was exposed. A 5-ram craniectomy was made under an operating microscope with a salinecooled dental drill; care was taken not to damage the zygomatic bone or the mandibular nerve. The dura mater was opened through a stellate incision and the MCA was exposed.
The rats underwent a two-step surgical procedure to allow occlusion of the MCA within the magnet. First, the MCA was coagulated at its bifurcation on the inferolateral aspect of the hemisphere, which alone does not cause cerebral infarction: Second, a snare was placed around the left common carotid artery. Tightening the snare when the rat is within the magnet produced focal cortical ischemia in the territory of the MCA (IM Germano, LH Pitts, unpublished data). The rostral twothirds of the crista frontalis was smoothed and the temporoparietal bone was thinned over the left hemisphere with the dental drill, leaving a thin shell of skull over the dura mater where the MRS coil was positioned. Mean arterial blood pressure (MABP) was continuously recorded. Arterial blood gas (ABG) measurements were made at each spectrum acquisition. Before the MRS spectra were recorded, the rats were intubated and mechanically ventilated. Mild hypoxia (fraction of inspired oxygen 30%) was induced at the time of ischemic insult and was continued for 20 minutes.
Control Group
Twelve normal rats were used as controls for these experiments. All 12 underwent a sham operation: 10 were studied by MRS and two by MR imaging.
MRS Group
The MRS experiments were performed on 24 rats before and up to 1 hour after induction of focal cortical ischemia. The rats were placed inside a 9-cm bore 5.6-tesla magnet, and a two-turn surface coil was placed over the skull. The 3Ip-MRS spectra ("saturated spectra") were measured with an 800-usec interpulse delay and 224 acquisitions; each spectrum was generated from about 3 minutes of data collection. A simple onepulse excitation experiment was preceded by a lowpower presentation pulse of 600 usec. The spectrum acquired before induction of ischemia was designated the baseline spectrum; subsequent spectra were acquired 3, 6, 12, 15, 18, 21, 30, 45 , and 60 minutes after ischemia in all 24 rats. The rats were either sacrificed immediately (18 rats) or were kept alive for 6 hours with mechanical ventilation (six rats). The MRS spectra were recorded in the latter group at 3 and 6 hours after induction of ischemia. With the exception of the six rats reported above, MRS and MR imaging experiments were conducted in different rats that underwent the identical surgical procedure as described above.
Signal intensities of phosphocreatine (PCr), inorganic phosphate (Pi), sugar phosphate, adenosine triphosphate, and total phosphate were measured as areas under Lorentzian-Gaussian curves. Intracellular pH was determined from the chemical shift (6) of the Pi resonance peak relative to the PCr resonance peak with the following equation: 25 pH = 6.72 + log (6 -3.27)/(5.69 -6).
MR Imaging Group
The 12 rats undergoing MR imaging were placed prone into a custom-made distributed-capacitance balance-matched coil (5 cm in diameter) tuned to the proton resonance frequency of 85.552 MHz. Magnetic resonance images were obtained at 1, 3, 6, 12, and 24 hours after induction of cerebral ischemia.
The MR images were obtained at 2 tesla, using a wide-bore (25 cm diameter) imager/spectrometer.* Coronal images of the hemispheres were obtained at the level of the bregma. 43 TI-and T2-weighted images were obtained (spin-echo (SE) TR = 300 msec and TE = 15 msec, and TR = 3000 msec and TE = 80 msec) with four and two acquisitions, respectively. The data matrix size was 128 phase encoded steps by 256 real frequency encoded points. The field of view was 4 x 4 sq cm and the slice thickness was 3 mm. The receiver gain in the first and last sequence was constant, which allowed calculation of Tj and T2 relaxation times by means of the equation:
, where I is the intensity of the signal of a square region of interest, H is the hydrogen density, and k is a constant reflecting the radiofrequency level and receiver gain settings. In each coronal section, the T1 and T2 relax- ation times of a square region of interest in the cortex and basal ganglia of the affected hemisphere were calculated and compared to homologous regions of the contralateral hemisphere.
MR Imaging and MRS Group
In an additional six rats, MR images and MR spectra were obtained at 1, 3, and 6 hours after induction of ischemia. After completion of the MR imaging experiments, the rats were sacrificed and brains were removed for histopathological analysis.
Neuropathological Studies
At the end of the MRS experiments (1 hour after occlusion), the rats were given 3 cc additional anesthesia and were perfused with 10% buffered formalin. The brains were removed and fixed in formalin for 24 hours. Brain slices 2 mm thick were embedded in paraffin, and sections 7 izm thick were stained with hematoxylin and eosin (H & E) in the standard manner. Stained sections were evaluated by light microscopy.
At the end of the MR imaging experiments, the rats were given additional chloral hydrate, and perfused with a lethal intracardiac injection of 2,3,5-triphenyltetrazolium chloride (TTC) (IM Germano, LH Pitts, JB Bederson, unpublished data). The TTC-stained brains were carefully removed and the surface was examined to identify any change in vascularity in the area of ischemia, to verify the occlusion and sectioning of the MCA, and to evaluate the size of infarcted areas on the surface of the cerebral cortex. The brains were then immersed in 10% phosphate-buffered formalin for 24 hours, coronal sections 2 mm thick were cut, and the TTC-stained sections were photographed. Sections prepared from the same photographed surface of the TTC slides were stained with H & E to confirm the presence of an infarcted area.
Statistical Analysis
Data are expressed as mean _+ standard error of the mean. A probability of less than 0.05 was considered significant. The PCr/Pi ratio was used as a representative measure of high-energy phosphate metabolites. The MRS and physiological values were analyzed by comparing baseline values to the data obtained at each considered time. The data were evaluated by analysis of variance for repeated measures. Bonferroni's correction was used in post hoc tests when necessary.
The T,-and T2-relaxation time values were analyzed as the percentage difference of the homolateral to the contralateral hemisphere using the equation, DT % = 100(T homolateral -T contralateral)/T contralateral, where D is the change and T is the Tt or T2 relaxation time.
Results
Physiological Values
Baseline MABP values were between 103 __ 4 and 98 _+ 2 mm Hg. Baseline ABG values were: pH = 7.43 _ 0.7, pCO2 = 31 _ 2 mm Hg, and pO2 = 138 __ 7 mm Hg. The lowest MABP values and the greatest changes in ABG values were found 12 minutes after induction of ischemia/mild hypoxia (MABP 58 __ 7 mm Hg; pH 
M R S Changes
A typical baseline 31p spectrum is shown in Fig 1A. A significant (p < 0.05) decrease in PCr/Pi ratio was seen in the first 31p spectrum obtained 3 minutes after ischemic insult (Fig. 1B) . The PCr/Pi ratio remained significantly lower than baseline values for up to 45 minutes after induction of ischemia. The mean changes in the PCr/Pi ratio for 24 rats are shown in Fig. 2 . A significant decrease in the intracellular pH value (p < 0.05) was found immediately (3 minutes) after ischemic insult. Changes in the pH value over time are shown in Fig. 3 . The PCr/Pi ratio and intracellular pH returned toward baseline levels by 1 hour after ischemic insult and had returned to normal at 3 and 6 hours after ischemic insult.
M R Imaging Findings
The MR images obtained 3 hours after ischemic insult showed the presence of an infarcted area in 100% of rats. The injured area was in the hemisphere ipsilateral to the focal ischemia site in the territory of the MCA (Fig. 4) . The ischemic lesion was characterized by an obvious increase in signal intensity in the Tz-weighted sequence. In 75% of rats, the presence of an injured area was seen 1 hour after injury on the T2-weighted images.
The size of the area of infarction increased progressively for 24 hours after insult. The best definition between the area of injury and the surrounding "normal" brain could be seen at 12 and 24 hours (Fig. 4   upper) . A mass effect observed as a shift of midline structures away from the side of infarction was evident at that time on the Tl-weighted images (Fig. 4 center) . related closely with infarcted areas found on histopathological examination (Fig. 4 lower) .
The Tl and T2 relaxation times were slightly elevated at 1 hour, increased significantly (p < 0.05) within 3 hours of ischemic insult, and remained elevated for 24 hours. The changes in Tl and T2 relaxation times are summarized in Fig. 5. FIG. 5 . Changes in magnetic resonance imaging T~ and T2 relaxation times over 24 hours (mean values for 12 rats). A significant increase in T~ and T2 relaxation times was noted in all rats with permanent focal ischemia after 3 hours and persisted for 24 hours after ischemic insult. Asterisks denote significant difference (p < 0.005).
Discussion
Magnetic resonance techniques can be used to provide anatomical, physiological, and chemical information about soft-tissue components that cannot be obtained readily with other methods, is Magnetic resonance images can be used to visualize a variety of central nervous system lesions with remarkable sensitivity. 3"8'9'13 There is evidence from both experimental and clinical studies that M R imaging is superior to other methods for the detection of acute cerebral infarction.l [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 15, 29 Recent investigations suggest that there is a "therapeutic window" during early phases of cerebral ischemia when surgical and pharmacological intervention may be beneficial, 4'6'21'41 although surgery may be contraindicated in some patients with irreversible cerebral infarctionJ 9 Attempts have been made to define the earliest time after the onset of ischemia that MR imaging can detect infarction. Changes in M R images consistent with ischernia phenomena have been seen as early as 30 minutes after ischemic insult in cats 1~ and after 1 89 hours in baboons, 37 but these findings were occasional, were not confirmed histopathologically, and were not characterized by relaxation times. In a focal cerebral ischemia rat model, no changes were noted on M R images 1 hour after ischemic insult; the earliest detectable changes were observed 6 hours after insult? 2
In the present study, minimal and occasional changes were found in the signal intensity of T2-weighted images as early as 1 hour after ischemic insult. At 3 hours after insult, an infarcted area was consistently and unequivocally present in all rats on T2-weighted images. These findings were corroborated by significantly increased Tl and T2 relaxation times and by histopathological findings.
The difference in magnetic relaxation behavior of tissue water after application of a radiofrequency pulse is related to the motion characteristics of each tissue I. M. Germano, et al.
which determine spin-lattice (T,) and spin-spin (T2) relaxation times. 43 Both TI and T2 relaxation times can be used for quantitative tissue characterization, 28 commonly by comparison of values for the first and last SE's calculated using the equation of Crooks, et al. 18 In the present study, Tl and T2 relaxation times increased significantly in the affected hemisphere 3 hours after ischemic insult, and these changes correlated closely with regions of infarction seen on MR images and on H & E-stained sections of brain tissue. The Tl and T2 relaxation times increased directly with time after ischemic insult and reached a maximum at 12 hours. Water content of cat brain also increases with time, reaches a maximum 12 hours after ischemic insult, and decreases gradually thereafter. 26 The marked increase in relaxation times observed in the early phases of ischemia may be the direct result of the formation of brain edema. The fluid that accumulates in brain tissue soon after ischemic insult and cold injury is thought to be relatively protein-free compared with the proteinrich fluid that accumulates after breakdown of the blood-brain barrier. 26' 32 Because free water molecules have a longer relaxation time than protein-bound water molecules, 43 early phases of ischemia are characterized by longer relaxation times.
Recent advances in MRS allow noninvasive investigation of high-energy phosphate metabolities in vivo with simultaneous measurement of physiological values such as intracellular pH and levels of high-energy phosphate metabolites. 16' 17' z9' 31 Surface radiofrequency coils allow the quantitative assessment of metabolites in intact organs.1 Spectra in which peak areas express the quantity of tissue metabolites can be obtained with a 12-second interpulse delay (a "fully-relaxed" spectrum), which requires 128 acquisitions collected over approximately 25 minutes. 1 Because we were interested in changes in metabolites during the period immediately after ischemic insult, it was necessary to collect data over a shorter-than-normal period. We obtained 31p "saturated" spectra with an interpulse delay of 800 usec, with 224 acquisitions collected over approximately 3 minutes. These spectra had excellent signal-to-noise ratios, and the rapid acquisition rate allowed us to obtain spectra frequently enough to determine qualitative changes in high-energy metabolites immediately after the onset of ischemia. While absolute concentrations of phosphate metabolites in the tissue cannot be calculated from our data, relative concentrations of metabolites can be followed and different metabolic states can be compared over time.l
Because of its high energy requirement and relatively low store of high-energy phosphate metabolites and oxygen, the brain is more susceptible to injury than other organs when blood flow is interrupted. 36 The earliest changes seen in alp spectra after acute hypoxicischemic insult include a decrease in the intracellular PCr level with a concomitant increase in Pi; 27'31 intracellular pH values also decrease. 24'27'4~ In our study, intracellular pH values of 6.8 + 0.21 and a decrease in the PCr/Pi ratio of about 40% from baseline are consistent with cerebral ischemia. 3~'4~ Significant changes in high-energy phosphates were seen in the first spectrum acquired 3 minutes after ischemic insult compared with 3 hours by MR imaging. Our results suggest that MRS is a much more sensitive method for the detection of ischemic changes than is MR imaging. Whether these early phases of ischemia detected by MRS are still reversible and might be influenced by therapeutic intervention remains to be determined.
It is well known that discontinuation of the noxious stimulus within 30 to 60 minutes of the initial insult allows the "recovery" (the return to baseline values) of 31p spectra.24.27 Despite a paucity of data on focal cerebral ischemia, it was reported recently that 31p spectra "recovered" in a model of permanent focal cerebral ischemia (KMA Welsh, personal communication, 1987) . Results of MRS studies show that there are no significant differences in PCr, Pi, or pH between patients with stroke and normal adults. 7 Our results show that 3~p spectra "recover" despite permanent focal ischemia that progresses to infarction as shown by MR images and standard histopathological techniques.
Several factors may explain this apparent discrepancy. First, a clearance of Pi from the infarcted area into the venous blood has been reported to occur in humans. 3~ With a reduction in Pi and the absence of PCr in dead cells, the PCr/Pi ratio would return toward baseline values even when cerebral infarction is present. Second, differential saturation effects in spectra acquisition and other technical aspects inherent in the use of the surface coil may influence the results. 25 Even if the depth acquisition of the surface coil used in the present study was predominantly in the infarcted brain (acquisition depth = coil radius), the possibility cannot be excluded that some signals were obtained from normal brain surrounding the area of infarction. After the first dynamic changes in high-energy phosphate metabolites have occurred, a steady state may be reached and signals coming from the adjacent normal brain may be recorded by the coil. Third, steep oxygen gradients in the brain have been reported 38'39 and have been proposed as a source of heterogeneity in the hypoxic-ischemic brain (B Chance, personal communication, 1987) . Therefore, Pi washout, heterogeneity of cerebral tissue, and limitations inherent in the surface coil may all influence 3tp spectra and explain the apparent "recovery" of spectra despite subjacent brain infarction.
These results confirm the sensitivity of MR imaging for the detection of focal cerebral ischemia. Focal cerebral ischemia in rats can be seen consistently 3 hours after the induction of ischemia. Tt and T2 relaxation times seem to be reliable quantitative indices of changes that occur in tissue after ischemic insult. Magnetic resonance spectroscopy is very sensitive 1o the early, possible reversible, changes that occur after ischemic insult. Levels of high-energy phosphate metabolites, however, do not correlate with the underlying pathology after the acute phase (1 hour in rats). Because a return to baseline values of 31p spectra was noted despite the presence of an area of infarction, clearly documented by MR imaging and histopathological examination, we suggest that the "recovery" of 31p spectra should be interpreted with great caution.
